has shown that after osmotic lysis of protoplasts of Bacillus megaterium, prepared by controlled treatment with lysozyme, only two microscopically detectable structures remain; membrane-like bodies termed "ghosts," and granules. The ghosts were found to sediment as a dark yellow fraction by centrifugation at 10,000 G (Weibull, 1953b) and to contain almost all the pigmented material and cytochromes of the whole cell. The latter observation is in agreement with the particulate nature (particles sedimenting between 22,000 and 100,000 G) of the cytochrome complement of Pseudomonas fluorescens (Stanier et al., 1953; Wood, 1955) , Escherichia coli (Asnis et al., 1956) , and Acetobacter suboxydans (Smith, 1954) . In subsequent experiments Weibull (1956a) has obtained evidence that the ghost is the cytoplasmic membrane, perhaps in a denatured form.
A brief treatment of the yellow ghost fraction in the sonic oscillator destroys the ghost structure and leads to the formation of granules which could be sedimented at 105,000 G (Weibull, 1953b) . The similarity in chemical and physical properties between these granules and the particulate fractions isolated after the mechanical disruption of several different types of bacteria have led Stanier (1954) to propose that "the bacterial cytochrome system, along with some other enzymes, may be a built-in part of the cell membrane, and not, as in higher organisms, a mitochondrial component."
The present work supports this concept by I This work was initiated during the tenure of an International Cooperation Administration Fellowship, U. S. Government (O.E.E.C. project no. 151), at the University of California, Berkeley, 1954-55. 2 Postdoctoral Research Fellowship from the National Cancer Institute of the National Institutes of Health, U. S. Public Health Service, 1955-56. Present address: University of Illinois, Department of Bacteriology, 362 Noyes Laboratory of Chemistry, Urbana, Illinois. furnishing evidence for the localization of enzymes responsible for succinate, a-ketoglutarate, lactate, and malate oxidation in the ghost of B. megaterium.
MATERIALS AND METHODS
B. megaterium strain KM (Northrop, 1951) was grown at 36 C on a medium containing glucose, 1.0 per cent; DL-asparagine, 1.0 per cent; NH4Cl, 0.5 per cent; K2HPO4, 0.3 per cent; KH2PO4, 0.1 per cent; Na2SO4, 0.1 per cent; MgSO4.7H20, 0.01 per cent; and 8 X 10-5 M ferric citrate (final pH, 7.0). Cells were grown with vigorous aeration on a rotary shaker and harvested by centrifugation at the end of the phase of exponential growth.
For the preparation of protoplasts, cells were suspended in a medium consisting of 0.04 M potassium phosphate buffer pH 7.0, 10 per cent (w/v) polyethylene glycol (mol wt, 3000-3700), 2 X 10-3 M MgSO4, and approximately 0.04 per cent lysozyme (final concentration of approximately 11 mg bacterial dry weight per ml suspending medium). Protoplast formation was complete after 10-15 min incubation at room temperature.
The following procedure was employed for the preparation of a total lysate (TL) used in dye reduction experiments. Protoplasts were collected by centrifugation at 13,000 G for 5 min and the supernatant containing lysozyme and cell wall lysate was decanted. A suspending medium consisting of 0.04 M potassium phosphate buffer pH 7.0 and 2 X 10-3 M MgSO4 was used at this stage and in all subsequent operations. The protoplast pellet was lysed by the addition of a small quantity of suspending medium and of deoxyribonuclease. The latter constituent was added to decrease the viscosity of the lysate. Osmotic lysis and the formation of a gel was almost instantaneous. However, a homogeneous suspension was obtained after 3-5 min agitation at room temperature. The lysate was diluted with the suspending medium to a final concentra- For fractionation, the total lysate was subjected to the minimal centrifugal force necessary to sediment all the ghosts. An aliquot of the lysate was centrifuged for 10 min at 24,000 G. The supernatant was removed by decantation and centrifuged for an additional 10 min at 24,000 G. The yellow ghost rich pellets were combined, washed once with the suspending medium by centrifugation at 24,000 G for 10 min, and were resuspended in a final volume such as to have the same ghost concentration as the total lysate (approximately 0.7 mg protein per ml).
The supernatant resulting from the two successive centrifugations of total lysate contained some small pieces of ghost as seen in the phase contrast microscope. Therefore, it was centrifuged for an additional 10 min at 24,000 G and the negligible yellow pellet was discarded. The supernatant was adjusted to contain 4.0 mg of protein per ml, which corresponds to its concentration in the total lysate. Using the symbols suggested by Alexander and Wilson (1955) In agreement with the work of Weibull (1953a) , examination of the total lysate and ghost fraction with the phase contrast microscope revealed the presence of ghosts and granules. Many of the granules are presumably a polymer of 3-hydroxybutyrate (Lemoigne et al., 1944) . A considerable number of granules were attached to ghosts, but the majority were free in the suspending medium. The supernatant fraction was relatively free of visible structures, containing a few granules, and small, almost circular bodies of approximately the same contrast as ghosts.
When ghosts are viewed through a thin layer of agar (1 mm), they show weaker contrast but more detailed internal structure. It is thus possible to see many ghosts with round holes. The dimensions of these correspond to the small weakly contrasting bodies of the supernatant, and indicate the presence of some ghost fragments in this fraction.
Localization (table 1) , it is apparent that the enzymes responsible for succinate and ca-ketoglutarate oxidation are localized in the ghost fraction. Likewise, the enzyme systems responsible for pyruvate, citrate, and cis-aconitate oxidation are localized in the supernatant.
Based on specific activity, the system for lactate oxidation appears to be associated with the ghost fraction. The recovery of only 34 per cent of the activity in this fraction may be explained by the instability of the system. Experiments with a reconstituted system have shown that the lactate oxidizing activity of the ghost fraction is more labile than that of the total lysate.
The results indicate that the supernatant is responsible for glucose oxidation. The rather high specific activity of the ghost fraction may indicate contamination by supernatant enzymes.
The L-malate oxidizing system is associatedl with both fractions, although the specific activity of the ghost fraction is almost five times that of the supernatant.
For fumarate, the specific activity of the ghost fraction is higher than both the total lysate and supernatant, but, as in Azotobacter vinelandii (Alexander and Wilson, 1956 ), recovery of activity is very low. This recovery may not be explained on the basis of a labile enzyme system. With respect to L-glutamate oxidation, the concentration in the ghost fraction is high, but the majority of activity is recovered in the supernatant.
The enzyme activity of a reconstituted system (ghost fraction plus supernatant) was tested in each experiment. The values obtained were essentially the same as that for the average total lysate in the presence of either fumarate, a-ketoglutarate, pyruvate, L-malate, or glucose. In experiments with the remaining substrates, the reconstituted system was consistently less active than the average total lysate by the following amounts: succinate (18 per cent), DL-lactate (64 per cent), cis-aconitate (18 per cent), citrate (26 per cent), and L-glutamate (29 per cent).
Purification of ghosts. The enzyme systems responsible for succinate, lactate, and a-ketoglutarate oxidation are localized in the ghost fraction (PI). This fraction also accounts for approximately 50 per cent of the L-malate oxidation of the lysate. If these activities are indeed associated with ghosts, there should be no decrease in the respective specific activities after repeated washing and purification of the ghosts.
The results of such an experiment are shown in table 2. It was found that if P1 is centrifuged over a layer of 2 per cent agar, the granules become firmly imbedded in agar, while the ghosts form a Alexander and Wilson (1955) . Based on dye reduction and manometric experiments, the system responsible for citrate and cis-aconitate oxidation is localized in the supernatant. Since the oxidation of these two substrates would require the function of aconitase and isocitric dehydrogenase, both enzymes are localized in the supernatant.
In most cases, the total recovery of activity in manometric experiments is lower than in those involving dye reduction. This is to be expected because of the increase in complexity of the system, and is comparable to the synergistic effect on respiration, obtained by coupling particles and supernatant of A. vinelandii (Alexander, 1956 ). The recovery of 130-150 per cent of the activity for L-malate and fumarate in manometric experiments may be explained by a partial disintegration of a particulate system, as in Hydrogenomonas facilis (Atkinson and McFadden, 1954 The results agree with the particulate succinic dehydrogenase described for several bacteria (Alexander, 1956) , the particulate lactic and a-ketoglutaric dehydrogenases of Serratia marcescens (Linnane and Still, 1955) , the nonsedimenting a-ketoglutaric oxidase of M. tuberculosis (Millman and Youmans, 1955) , and the presence of both a particulate and nonsedimenting malic dehydrogenase in S. marcescens (Linnane and Still, 1955) . Although several enzymatic activities have been found associated with particles of different size, to the authors' knowledge this work is the first association of enzymatic activity with a large bacterial structure like the ghost.
The nonsedimenting nature of aconitase and isocitric dehydrogenase is in accord with results obtained with several bacteria (Alexander, 1956) and animal cells (Schneider and Hogeboom, 1956) . The finding of a nonsedimenting system for glucose oxidation is in contrast to the particulate glucose oxidase of A. suboxydans (Widmer et al., 1956) and P. fluorescens (Wood, 1955) .
Both protoplasts and whole cells of B. megaterium have similar permeability properties with respect to small molecules like sucrose, urethane, and phosphate, indicating that the permeability barrier of the cell is retained in the protoplast (Weibull, 1956a) . After osmotic lysis of protoplasts in the presence of Mg++, very close to one ghost is obtained per protoplast (Wiebull, 1956b) . These findings, plus the similarity in size distribution of ghosts and protoplasts, suggest that the ghost is the cytoplasmic membrane.
The experiments of Newton (1956) have shown that if B. magaterium is treated with a fluorescent derivative of polymyxin, and then with lysozyme, the fluorescent derivative is associated with the protoplast membrane. The rupture of protoplasts by sonic oscillation results in the formation of 100,000 G particles, which retain up to 90 per cent of the absorbed derivative. These findings demonstrate the fragility of the protoplast membrane and are in accord with the findings of Mitchell and Moyle (1956) , that the membrane readily disintegrates into small particles; and the results of Weibull (1953b) on the fragmentation of ghosts after a brief treatment in the sonic oscillator. The fragility of the protoplast membrane could explain the localization of the same enzymatic activities both in the ghost of B. megaterium and the submicroscopic granules of other bacteria. It suggests that the active particles described by many authors may be a built in part of the protoplast membrane, instead of discrete structures existing in the cytoplasm. discussions during his stay in Berkeley. The 
